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ABSTRACT: Diffuse axonal injury and microhemorrhages,
common complications after mild traumatic brain injury
(mTBI), can lead to neurodegeneration and disability and
have negative socioeconomic consequences. Magnetic reso-
nance imaging (MRI) is conventionally used to study brain
injuries in vivo, but microscale damage common in mTBI is
challenging to detect. Raman microscopy is an effective
diagnostic tool to investigate cells and tissue in a label-free
manner, but the scanning mode of Raman microscopy is
typically used only in vitro. Here, we show that Raman
microscopy complements in vivo MRI, providing the vital
information on the structural and molecular changes caused
by mTBI in rats. We demonstrate that a method based on
Raman microscopy allows us to detect structural damage invisible by conventional MRI and spot molecular changes in protein/
lipid concentrations caused by mild TBI.
1. INTRODUCTION
Traumatic brain injury (TBI) is the pathological alteration in
brain functions caused by the impact of an object or the rapid
acceleration/deceleration of the brain. In recent years, it has
been recognized as an important health issue with a negative
socioeconomic impact.1,2 There are several gradations of TBI,
mild, moderate, and severe, based on the Glasgow Coma Scale
and the severity of symptoms.3 Mild TBI (mTBI) is diagnosed
in 80% of head trauma patients in, for example, the United
States.4 It is a common trauma that can occur on numerous
occasions: in military conflicts; as a result of sporting activities,
particularly in sports such as American football or boxing; and
as a result of day-to-day activities associated with possible
injuries (bicycle, motorcycle, and car accidents).5 With the
advancement of electrical bicycles, the danger of such
occasions is only increasing. It was found that at least 30%
of mTBI patients were not able to achieve full neurologic
recovery and had developed prolonged cognitive and
behavioral changes.6
Magnetic resonance imaging (MRI) is a technique widely
used for in vivo brain imaging in clinics.7 It allows for
noninvasive visualization of gray matter and white matter and
detection of the damage caused by TBI, such as white matter
shearing, foci of axonal injury, and small subacute hemor-
rhages.8 These brain lesions were observed with MRI in
patients with moderate and severe TBI.9 However, an mTBI
often shows no abnormalities on conventional MRI as it is not
sensitive enough to detect the microbleedings and diffuse/
traumatic axonal injuries, which are the common complications
of mTBI.10,11 We have identified another technique, Raman
microscopy, which can be complementary to MRI on the
microscale.
Raman microscopy can thus be a viable addition to
neuroimaging tools because it allows nondestructive analysis
and imaging of biological materials with spatial resolutions in
the micrometer range.12 It is a label-free, optical method based
on the inelastic laser light scattering from molecular vibrations
inherent to any material. It is widely used in monitoring the
state of materials,13 chemical analysis,14 cell biology,15−17
histological and cancer studies,18 etc. It was also shown that
Raman microscopy allows label-free detection of cancer cells in
the brain.19 Raman spectroscopy was also used for analysis of
biochemical changes in peripheral nerves after an injury20 and
to track the molecular changes on the surface of the brain
hemispheres after TBI,21 where temporal changes in tissue
biochemistry were monitored.
In this study, a subsequent application of MRI and Raman
has been carried out for the detection of mTBI. To the best of
our knowledge, this has not yet been studied in detail and no
analysis of deep brain structures after mTBI with Raman has
been done in rats. The second and a more specific aim of this
work is to investigate whether any changes in the corpus
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callosum region can be observed after mTBI using rats as
experimental models because significant changes in the volume
and morphology of the corpus callosum were reported in
humans after severe TBI.22
2. RESULTS AND DISCUSSION
Although mTBI is a major cause of disability, little is known
about its underlying causes and mechanisms. Therefore, animal
models are essential to study the underlying biomechanical,
cellular, and molecular aspects of TBI, which cannot be studied
in a clinical environment.23 In the conducted experiments, an
mTBI was induced by the so-called Marmarou weight-drop
model. The severity of the TBI can be controlled by adjusting
the mass of the weight and the drop height.23 A replica of the
Marmarou device was built for this purpose (Figure 1A).
Figure 1A−D presents the overall schematics of experiments:
first, (A) dropping the weight, then (B) MRI investigations,
followed by (C) creating slices in a cryomicrotome
(cryotome), and (D) scanning with a Raman microscope.
To analyze the impact of this injury, we have conducted
MRI experiments (Figure 1B), which allow us to analyze the
effects of mTBI in vivo. There are two reasons why microscopy
images have an added value to MRI. First, although MRI
images allow for deep in-tissue imaging, its spatial resolution is
not as high as that of microscopic imaging (100 vs 1 μm).
Second, MRI misses the specificity to detect the underlying
biological effects of mTBI, whereas microscopic imaging might
provide a valuable and complementary addition in this case. It
is for these two reasons that we have chosen microscopy to
provide additional means to look for details of the impact.
Microscopic analysis requires the brain to be cut in thin slices
(Figure 1C). Among different microscopy techniques, we have
chosen Raman microscopy imaging (Figure 1D) because it
allows us to image molecules, materials, and tissue in a label-
free manner by looking at the scattering of an impinged laser
light vibration. We note that using Raman microscopy
visualization of anatomical features in the scanned area is
also possible by constructing heat maps based on the intensity
of Raman peaks of interest (Figure S1).
Experiments have been conducted using both techniques on
a similar area in the brain before and after TBI. The brain of
the rat was scanned with conventional T2-weighted MRI
before, 1 day after, and 1 week after TBI with the purpose of
identifying and imaging the damaged areas. Subsequently, the
brains were extracted and subjected to Raman histological
analysis with the focus on the corpus callosum region.
The anatomical T2-weighted images of an animal are shown
in Figure 2. Here, one can detect the baseline scan before and
1 week after impact. Among the cut slides, we have chosen
those slices where the corpus callosum and the lobes of the
hippocampus are clearly visible. Because the anatomical T2
images are very similar in all animals, Figure 2 is a
representative of all animals from this experiment. No
significant changes were observed with conventional MRI
(Figure 2) in images obtained 1 day and 1 week after the TBI
compared to those of the control rats. This supports the
evidence that the induced impact produces only a mild TBI.
Subsequently, Raman microscopy has been used on similar
slices in an effort to search for complementarity of the in vivo
MRI and a higher resolution microscopy imaging modality. In
Raman microscopy/spectroscopy, a monochromatic laser light
(we have used 785 nm laser because it generates minimum
fluorescence effects, which are viewed as side effects) excites a
sample, whereas the scattered light containing information
about vibrational frequencies of atoms of materials is detected
and analyzed. Assignment of the peaks allows us to identify
molecules. It was found that the peak intensity in the 2940
cm−1 region of the Raman neuronal spectrum is proportional
to the neurofilament protein concentration and that of the
peak in the 2855 cm−1 region corresponds to the myelin lipid
concentration.19 This allows us to track, in a label-free manner,
the axon proteins/myelin turnover during peripheral nerve
tissue regeneration.
The hierarchical clustering analysis has allowed us to
visualize and assign the data points to different tissues present
in the scanned area (Figure 3A). The subsequent hierarchical
Figure 1. Schematics of experiments. (A) Marmarou’s setup for inducing mTBI in rats: a real image of a rat in the device is shown in the inset. (B)
MRI scans were conducted before and after TBI induction. (C) Brain slices were made with a cryotome. (D) Raman scans complimentary to the
MRI test were done for detection of the damaged brain region.
Figure 2. MRI T2-weighted brain images (A) before and (B) 1 week
after the mTBI. Arrows point the corpus callosum area subjected to
further investigation with Raman microscopy.
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clustering analysis of data sets containing data points from the
corpus callosum revealed a histologically abnormal area (15−
20 μm in size) in a brain slice obtained from a rat 1 week after
the medium force TBI (Figure 3B).
This area had two times higher Raman signal intensity
compared to that of the signal from the surrounding tissues
and contained no peaks observed in the surrounding brain
tissue. A similar signal pattern was noticed in the molecular
fingerprint from dried rat blood (Figure S2), for which a
detailed Raman analysis of blood is carried out. This suggests
that the observed abnormal area may be the result of
microhemorrhages common in mTBI.11 The absence of such
areas in other TBI samples can be explained by either a not
sufficient number of brain slices analyzed in this experiment or
the fact that microhemorrhages are present only in a limited
number in mTBI.
Subsequently, the data points corresponding to the corpus
callosum were compared between samples with the focus on
the 2800−3000 cm−1 Raman spectral region. A comparison of
spectra between the control rats and mTBI rats has revealed a
significant decrease of the 2940−2855 cm−1 peak ratios after
mTBI with p = 0.001299 for TBI-130 versus the control rat.
This condition was induced by a weight drop from 1.30 m.
Also, a decrease in peak ratios was observed for TBI-145
induced by a weight drop from 1.45 m versus the control rat
with p = 0.00076 (Figure 4). However, it is important to note
that only one TBI-145 rat was investigated with Raman
microscopy, as the second rat was found dead next day after
the impact. Because of the ethical consideration, it was decided
not to subject additional animals for the 1.45 m weight drop
impact; therefore, it is not possible to conclude whether the
observed changes in the Raman spectrum were the result of the
weight drop from 1.45 m or can be attributed to individual
differences between animals. A somewhat extended analysis is
presented in Figure S3, which shows data of 2940−2855 cm−1
peak ratios for individual rats.
Whether the observed differences between control and TBI-
130 animals are the results of the changes because of induced
TBI in all axons residing in the corpus callosum area or only in
a limited number of axons will be the subject of future
investigation. It can be thus concluded that Raman microscopy
allows us to detect the damaged areas in brain after TBI and
track the molecular changes on the tissue level. The main
challenge of the presented approach is the fact that to perform
such a study in the deep lying regions, like corpus callosum,
cutting brain to thin slices is required, which is possible using
MRI. Using Raman microscopy, this is possible with a higher
resolution and sensitivity but only in vitro, which is destructive
Figure 3. Light and Raman microscopy of the corpus callosum. (A) Light microscope image (left panel) and the corresponding Raman microscope
image of the cortex and corpus callosum produced by hierarchical clustering analysis (right panel). The area scanned with a Raman microscope is
marked with a red rectangle. (B) Light microscope image (top-left panel) and the corresponding Raman microscope image of the corpus callosum
with an abnormal region (top-right panel). The mean Raman spectra of the corpus callosum (blue color) and the high intensity spectrum of the
abnormal region (red color) are shown below (bottom panel).
Figure 4. (A) Change in the Raman scattering intensity peak ratio at 2940 cm−1 to that at 2855 cm−1 after the diffuse TBI. The control column
shows the peak ratio obtained from the corpus callosum area of a control rat (no TBI). The TBI-130 and TBI-145 columns show the peak ratios
from the rats in which the mild TBI was induced by dropping the weight from 1.30 and 1.45 m heights, respectively. (B) Raman spectrum of the
CH− stretching region used for the peak intensity analysis. Arrows indicate CH3 (2855 cm−1) and CH2 (at 2940 cm−1) peaks.
ACS Omega Article
DOI: 10.1021/acsomega.8b02404
ACS Omega 2018, 3, 16806−16811
16808
for animals. On the other hand, we note that once slices are
cut, subsequent in vitro studies of tissue or cells using Raman
spectroscopy are nondestructive and complementary to MRI
because of the sensitivity and resolution. Furthermore, any
detected abnormal molecular fingerprints can be extracted
from a slice, cell, tissue, etc. and subsequently subjected to
proteomic analysis or genomic sequencing. In addition, yet
another complementarity between these techniques is linked
with contrast enhancement by gold nanoparticles, which was
reported for MRI24 and surface-enhanced Raman scatter-
ing25,26 for Raman detection, in which the detection and
analysis can also be done on particles.27,28
3. CONCLUSIONS
An approach combining MRI and Raman imaging is shown to
be a viable tool to study mTBI on macro- and microscales.
Raman microscopy provides the means to study mTBI at the
tissue level, being complementary to MRI, which allows us to
carry out analyses on the whole brain level. The TBI caused by
the impact of a 450 g weight drop from 1.30 and 1.45 m
heights did not produce lesions detectible with the conven-
tional MRI, measured 1 day and 1 week after the impact. This
provides a strong evidence that the applied force did not cause
a severe TBI in rats. Using Raman microscopy, however, it was
possible to detect even mTBI. This is evidenced by analyzing
the decrease in the ratio of axon proteins to myeloid lipids as
detected in the corpus callosum region after mTBI. The
hierarchical clustering analysis allowed us to discriminate
between different anatomical regions of the brain, detecting
structural and molecular abnormalities inside the corpus
callosum region, which is presumably the result of a
microbleeding caused by mTBI.
4. EXPERIMENTAL METHODS
4.1. Materials and Methods. All studies were approved
by the Animal Ethics Committee at Ghent University (ECD
17/96), and experiments were conducted in accordance with
the guidelines of the European Commission (Directive 2010/
63/EU). The animals were group-housed and kept under
controlled laboratory conditions (12 h light/dark cycle, 20−23
°C, and 40−60% humidity).
4.1.1. Induction of Mild Traumatic Brain Injury. Adult
female Wistar rats (n = 8, 265 ± 16 g) were purchased from
Janvier Labs (Le Genest-Saint-Isle, France). Five rats received
a mild traumatic brain injury with varying severity (one from
1.0 m (TBI-100), two from 1.30 m (TBI-130), and two from
1.45 m (TBI-145)), and three rats were used as the control
group (sham) and did not receive any impact.
Mild traumatic brain injury was induced using the
Marmarou weight-drop model.29 Therefore, rats were anes-
thetized with a mixture of isoflurane and O2 (5% induction and
2% maintenance) and injected with 0.05 mg/kg buprenorphine
(Temgesic, Indivior) subcutaneously. After 30 min, the heads
of the rats were shaved, 100 μL of 2% xylocaine (AstraZeneca)
was locally injected in the scalp, and an incision was made to
expose the skull. A metallic disc with a diameter of 10 mm and
thickness of 3 mm, which serves as a helmet, was glued onto
the skull 1/3 before and 2/3 behind bregma. Next, the rat was
placed on the custom-made foam bed with a mattress of a
certain spring constant (Type E, Foam to Size, Ashland, VA)
and positioned directly under a Plexiglas tube with a 450 g
brass weight. The weight diameter and length were 18 and 210
mm, respectively. The rat was briefly detached from anesthesia,
and the weight was dropped from heights of 1, 1.30, and 1.45
m. Immediately after the impact, the rat with the bed was
moved away from the tube to prevent a second impact and the
rat was reattached to the anesthesia. To reduce the
hemodynamic shock, 1 mL of physiological solution (0.9%
NaCl) was injected through a catheter that is placed in the
lateral tail vein.
Subsequently, the helmet was removed and the incision was
stitched. Additionally, the rats were imaged with a CT scan (X-
Cube, Molecubes, Ghent, Belgium) to rule out any skull
fractures because this is a criterion for euthanasia. To minimize
the dose, a general-purpose, low-dose, single-bed position scan
was performed. One day post impact, the rats received an extra
dose of 0.05 mg/kg buprenorphine.
4.1.2. In Vivo Longitudinal MRI. MRI data were acquired
on a 7T MRI scanner (BioSpin Pharmascan 70/16, Bruker,
Ettlingen, Germany) using a volume of rat brain/mouse whole-
body RF coil. All rats were imaged at baseline, and all TBI rats
were also imaged 1 day post injury. TBI-100, TBI-130, and the
sham rats were also imaged 1 week post injury. During
imaging, the animals were under 2% isoflurane anesthesia (5%
for induction), whereas their body temperature was kept
constant with a circulating warm-water-heated blanket and
bubble wrap; the respiration rate was monitored with a
pressure pad.
At each time point, a whole brain anatomical T2-weighted
scan was acquired using a rapid acquisition with refocused
echoes (RARE) sequence: TR = 5.5 s, TE = 37 ms, RARE
factor = 8, FOV = 2.5 × 2.5 cm2, and in-plane resolution of
109 × 109 μm2 with 600 μm thick slices. There were 45 slices
scanned, whereas the acquisition time was 12 min.
4.1.3. Raman Histological Analysis. 4.1.3.1. Sample
Preparation. One week later, rats were euthanized with 100
mg/kg sodium pentobarbital (20%) (Kela NV, Hoogstraten,
Belgium) and brains were extracted from their skulls. This was
immediately followed by snap freezing of the brains in 2-
methylbutaan (Reagent-Plus 99%, Sigma Aldrich), which was
cooled with liquid nitrogen. Sections were made with slice
thickness 20 μm with a cryomicrotome (CM3050 S, Leica
Microsystems, Belgium). Tissue slices were put on quartz
slides (Ted Pella, Inc.) and fixed for 10 min with 4%
formaldehyde (4078-9001, Klinipath). Tissue slices were
submerged in the Hank’s balanced salt solution (14025050,
ThermoFisher) to avoid tissue detachment from slides and
scanned with a Raman microscope. Raman microscopy analysis
was conducted on corpus callosum areas.
4.1.3.2. Data Acquisition with Raman Microscopy. The
Raman microscope (Alpha300R+) was equipped with a 785
nm laser (Toptica, Munich, Germany) and a CCD camera
(ANDOR iDus 401 BR-DD, Belfast, Great Britain) cooled to
−72 °C. The laser power was set to 225 mW, whereas a water
immersion 20×/0.6 NA objective (Nikon) was used for
scanning. Tissue was mapped with a lateral resolution of 10
μm/pixel and an integration time of 1.5 s per data point. A
total of 2500 spectra per slice were recorded.
4.1.3.3. Data Processing. The resulting Raman spectral data
sets were processed in R using the HyperSpec package.30
Background subtraction and baseline correction were done by
applying the asymmetric least squares function and normal-
ization by applying the area-under-curve method using the
Baseline31 and MALDIquant32 packages, respectively. Hier-
archical clustering analysis with the Bray−Curtis dissimilarity
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matrix was used to select the data points corresponding to the
corpus callosum region and detect the tissue structural and
molecular abnormalities. For the peak ratio analysis, the
average mean spectrum calculated per slice was used.
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